The paper gives the results of investigations of variation of weld metal composition and structure in coated-electrode wet underwater arc welding of 12Kh18N10T steel. It is shown that unlike welding in air, in underwater welding the content of oxygen and hydrogen increases in the weld metal with simultaneous lowering of the quantity of ferritizers. Weld metal structure is characterized by presence of predominantly columnar crystallites, decreased fraction of grain-boundary δ-ferrite and increased volume fraction of oxide non-metallic inclusions, the quantity of which with 0.10 to 1.25 μm dispersion rises 1.5 to 2 times. 14 Ref., 4 Tables, 2 Figures. K e y w o r d s : wet underwater welding, 12Kh18N10T steel, coated electrodes, weld metal, composition, structure, non-metallic inclusions 6-7/2014
Coated-electrode underwater arc welding has been applied for almost 80 years in repair-reconditioning operations on various-purpose vessels and hydraulic facilities from low-carbon and lowalloyed steels [1] [2] [3] [4] . Its features have been quite comprehensively studied [5] [6] [7] [8] [9] that allowed development of efficient technologies and specialized welding consumables [10] [11] [12] [13] .
Over the recent years the task of improvement of the technology of repair of damage of 12Kh18N10T steel lining of concrete pools for storage of NPP spent fuel elements became ur-gent. In order to solve this problem, it is intended to eliminate the operations of water pumping down and pool deactivation, and to perform repair by the method of coated-electrode wet underwater arc welding (furtheron referred to as underwater welding). However, the features of underwater welding of 12Kh18N10T steel have not been studied well enough; moreover, specialpurpose electrodes have not yet been developed.
At the preliminary stage of such electrode development, the influence of welding conditions on weld composition and structure had to be studied. 3 mm test electrodes of E-08Kh20N9G2B type were manufactured for this purpose, the characteristics of which are given in Table 1 should be further noted that in order to limit the oxidizing impact of carbon dioxide gas, as well as weld metal hydrogenation, marble content in the coatings was limited to 16 %. Moreover, to evaluate the possibility of screening of electrode metal drops from direct oxidizing and hydrogenating effect of water, K-3 electrodes were made, which differ from K-2 electrodes just by coating diameter. K-1-K-3 electrodes at DCRP supplied from Kemppi PS-500 inverter at unchanged welding mode settings were used to make rigid butt joints of plates from 12Kh18N10T steel (321) in air and under the water at about 0.5 m depth. Singlelayer deposits on plates of the same steel were made in a similar fashion. Welding process analyzer ASP-19 was used to determine electric characteristics of arcing -mean-root-square values of I w av and U a av . Samples 1-6 (sections) were cut out of the respective welded joints and deposits. Alloying element content in welds (in their middle part) was determined by the method of emission spectrum analysis with application of the LOMO spectrometer DFS-36, and that of oxygen and hydrogen was determined by the method of restorative melting in carrier gas flow of cylindrical samples (cut out of weld central part) in the LECO units RO-316 and RH-3. Derived results are given in Table 2 .
Microscope Neophot-32 fitted with digital camera Olympus was used to study the structure of welds and HAZ, as well as take photos of non-metallic inclusions (NMI). Ferrite phase fraction was determined by Ferritgehaltmesser 1.053 ferritometer. Weld metal and HAZ microstructure was revealed by electrolytic etching in 20 % water solution of ammonium sulphide. Results of investigation of weld structure are generalized in Table 3 .
Vickers hardness (100 g load) of weld metal was measured using the LECO hardness meter Table 4 . According to obtained data (see Table 1 ) increase of CaF 2 /TiO 2 ratio in electrode coating, both in welding under the water and in air, leads to lowering of oxygen and hydrogen content in weld metal, that is due to increase of partial pressure of fluorides in the arc atmosphere, lowering of oxygen amount and hydrogen binding into hydrogen fluoride. At other conditions being equal, increase of electrode coating diameter (K-2 and K-3 electrodes) causes increase of oxygen and lowering of hydrogen content in weld metal. Such a situation is attributable to the fact that electrode coating and the formed slag in any case have an oxidizing impact on weld metal. Therefore, increase of the amount of remelted coating (slag) at unchanged amount of metal being melted leads to increase of its oxygen content [14] . Moreover, under the conditions of under-water welding increase of electrode coating diameter improves molten metal protection from water penetration: at the drop stage -due to increase of the depth of the crate from surfacemelted coating at electrode tip (screening), and at the pool stage -due to increasing amount of slag. As a result of summary action of these factors, hydrogen content in the metal decreases.
Molten metal saturation with oxygen in underwater welding and its interaction with deoxidizing elements leads to increase of NMI volume fraction in weld metal (see Table 3 ). Here, quantity of NMI of 0.50 to 1.24 μm size increases (Figure 1 ). Quantity of NMI of more than 1.25 μm size in all the studied samples practically did not change and was equal to 8 to 10 % of their total quantity, and volume fraction of NMI of 4.7-10 μm size remained within 53-67 % of NMI total volume.
Results of structural investigations (see Table 3) showed that in welds made under the water (sections 4-6), compared to those made in air (1-3), fraction of grain boundary δ-ferrite becomes smaller. In our opinion, this is due to oxidation of ferritizers (silicon, niobium and chromium), having a higher affinity to oxygen than nickel and iron. A characteristic feature of welds, made under the water, is predomination of co- lumnar crystallites in their structure (Figure 2,  a) , whereas for welds made in air, this is prevalence of cellular crystallites (Figure 2, b) . In the case of underwater welding, dendrite parameter rises almost 1.5-2 times (see Table 3 ) at unchanged size of austenite cells, that is indicative of development of dendritic axes of second order and expansion of temperature interval of weld metal solidification. At application of all the test electrodes fraction of δ-ferrite and austenite grain size number remained constant, irrespective of welding conditions (see Table 3 ).
According to the results of measurement of weld metal Vickers hardness (see Table 4 ), in samples welded under the water (4-6) hardness is somewhat higher than in those welded in air (1-3). However, Rockwell hardness measurements did not confirm such changes and showed that in all the studied samples HRA is minimum in base metal and is higher in HAZ and weld metal; here hardness values in the HAZ and weld metal practically do not differ. Such an increase of hardness, compared to base metal, is, most probably, due to plastic deformation localizing in these zones during welding.
Conclusions
1. At all other conditions being equal, the characteristic features of welds made under the water, compared to those made in air, are their higher content of oxygen (by 1.2 to 1.4 times) and hydrogen (by 1.7 to 2.1 times); lower content of ferritizers (silicon, niobium, chromium); 1.7 to 2.2 times increased volume fraction and quantity of oxide NMI; prevalence of columnar crystallites in their structure at a smaller fraction of grain boundary δ-ferrite.
2. Increase of CaF 2 and TiO 2 ratio in electrode coating, as well as electrode diameter under the conditions of underweater welding, allows lowering by approximately 1.5 times hydrogen content in weld metal, that is attributable to increase of partial pressure of fluorides in the arc atmosphere and molten metal screening from water impact by a crate from electrode coating with increased content of forming slag.
3. Both in welding under the water and in air, increase of electrode coating diameter increases oxygen concentration in weld metal, that is due to increase of oxidizing action of electrode coating and slag on weld metal.
